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Abstract
String/ M-theory compactifications predict the existence of a modulus field with a mass of
100−10000TeV. Its decay at MeV-temperatures generates large amounts of entropy and washes
out any previously produced baryon asymmetry. We describe how the baryon asymmetry can
be (re)generated by the modulus decay. The mechanism relates the smallness of the asymmetry
to the hierarchy between the Planck- and the Fermi-scale.
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1 Introduction
Understanding the matter asymmetry of the universe is one of the most challenging problems in
particle physics and cosmology. At the end of inflation the universe was an unstable energy density
that decayed into matter and anti-matter, presumably in equal amounts. Today the number of
anti-baryons is about 1 ten-billionth the number of baryons. The problem is not that we cannot
imagine how a matter asymmetry came about, but that there are too many proposals. In most
of them, the magnitude of the asymmetry is a mere accident and relies on adhoc choices of free
parameters.
In this work, we will relate the smallness of the baryon asymmetry to the hierarchy between the
Fermi and the Planck scale. A wide class of string/ M-theory compactifications share the presence
of a relatively light modulus field % with only gravitational couplings. We will show that its mass
m% ' 102 − 104 TeV is not arbitrary, but is fixed by the strength of supersymmetry breaking
which determines the mass of the Standard Model Higgs boson. The modulus gets displaced
during inflation and dominates the energy content of the universe when it decays at temperature
T ' 10−100MeV, shortly before nucleosynthesis [1]. This causes a second reheating and washes out
any previously produced baryon asymmetry. Leptogenesis or electroweak baryogenesis are doomed
to fail in such a universe.
However, we will demonstrate that the modulus decay chain itself successfully generates the
matter asymmetry.1 The mechanism consists of two steps: first the modulus decays to gauginos
with a branching ratio of O(1). Then, baryons are created in the gaugino decay. The necessary CP
violation originates from the phase of the gaugino mass matrix, whereas baryon number violation
occurs through the R-parity violating three-quark operator W ⊃ UDD. While baryogenesis by
gaugino decay has been considered previously [7–9], this was done in the context of a thermal
universe. The thermal history, however, proves challenging since washout processes (reverse reac-
tions) tend to dilute any previously created baryon asymmetry. The wash-out problem completely
disappears in the non-thermal framework, where the baryons are created from modulus decay. This
is because the decay temperature is far too cold for wash-out processes to play any role.
We determine the matter asymmetry in the Minimal Supersymmetric Standard Model (MSSM)
and in its extension by a hidden sector gaugino (following the approach of [10]). The final baryon
abundance is essentially determined by
√
m%/MP times a loop factor, with the modulus mass tied
to the Fermi scale as argued above.
2 Modulus Cosmology
Supergravity/ string theories generically feature light uncharged scalar fields with flat potentials
(moduli). The lightest modulus % gets displaced from its vacuum expectation value %0 during
inflation. This can easily be seen by expanding the supergravity scalar potential around %0. Inflation
induces a linear term of the form
V ⊃
(
3H2K%
∣∣
%0
)
% , (1)
where H denotes the Hubble scale during inflation. The derivative of the Kähler potential K% is
generically non-vanishing for a modulus and drives % away from %0. Additional displacement may
arise from thermal effects [11].
After reheating, the universe is radiation-dominated with a subdominant energy fraction stored
in the modulus degree of freedom. The postinflationary evolution of % is determined by its equation
1See [2–6] for complementary attempts to generate the baryon asymmetry by the decay of a modulus field.
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of motion
..
%+ 3H
.
%+m2% % = 0 , (2)
for canonically normalized %. The modulus remains fixed as long as H > m% and then performs
coherent oscillations around its minimum. In this period, the modulus energy density redshifts as
ρ% ∝ T 3 with T denoting the temperature of the thermal bath. Since the radiation energy density
decreases as ργ ∝ T 4, the modulus contribution becomes more significant as the universe cools
down. After some time, the modulus typically dominates the energy content of the universe [1].
When it decays, it reheats the universe a second time. But since the decay rate is Planck-suppressed,
this happens only shortly before primordial nucleosynthesis. The corresponding decay temperature
is
T% =
(
90
pi2g∗
)1/4√
MPΓ% ' 20 MeV
√
c
( m%
100 TeV
)3/2
, (3)
where we have expressed the modulus decay rate as
Γ% = c
m3%
M2P
. (4)
The constant c is typically of O(1). Hence, the modulus decay only reheats the universe to tem-
peratures of MeV− 100 MeV.
While successful nucleosynthesis can be realized if T% & 5 MeV [12, 13], popular baryogenesis
mechanisms (e.g. leptogenesis, electroweak baryogenesis) operate at much higher temperatures.
Therefore, we are forced to look for an alternative.
In order to identify a suitable low temperature baryogenesis scheme, it is instructive to look at
the modulus abundance Y% prior to decay,
Y% =
3
4
(
90
pi2 g∗
)1/4√cm%
MP
' 1.5× 10−7
√
c m%
100 TeV
. (5)
The number of 10−7 multiplied by a loop factor is intriguingly close to the observed baryon asym-
metry Yb = 0.8×10−10. A very natural possibility is, hence, to consider the modulus decay chain as
the origin of baryons. Intriguingly, the smallness of the baryon asymmetry would then be explained
by the hierarchy between the Planck scale and the supersymmetry breaking scale. The latter sets
the modulus mass and is again strongly correlated with the electroweak scale.
Before we describe the baryogenesis mechanism in detail, it is important to obtain a more
precise estimate of the modulus abundance. For this purpose, we will now derive the modulus
decay rate and the modulus mass in prominent UV theories.
3 Modulus Decay
We start by considering a generic supergravity theory with superpotential W , Kähler potential K
and gauge kinetic function f for the standard model gauge groups. The modulus % may appear in
f and we take Re % to be the cosmologically relevant field which decays. Following the standard
convention, we define the F -terms
Fm = eG/2Kmn¯Gn¯ , (6)
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where the index n¯ indicates differentiation with respect to the field ϕ¯n, while Kmn¯ denotes the
inverse Kähler metric. Furthermore, we introduced G = K + log |W |2. We set MP = 1 in the
following, but recover it in the final expressions of decay rates.
Let us first turn to the modulus interactions with gauge fields which derive from the La-
grangian [14]
Lgauge ⊃ −1
4
Ref F aµνF
aµν +
i
2
Ref
(
λ¯aσ¯µ∂µλ
a + h.c.
)− (Fm∂mf
4
λaλa + h.c.
)
. (7)
The first, second and third term are the gauge boson, gaugino kinetic terms and gaugino soft mass
terms 2 respectively. The index m runs over all hidden sector fields including the modulus. The
corresponding modulus decay rates into gauge bosons and gauginos are (cf. [15])3
Γgg =
Ngm
3
%
128pi
|∂%f |2
K%¯% ( Re f)2
, (8)
Γλ˜λ˜ =
Ngm%
128pi
∣∣(Fm% + Fm%¯) ∂mf ∣∣2
K%¯% ( Re f)2
, (9)
where we neglected the mass of the final state particles. The number of gauge bosons (= number
of gauginos) Ng = 12 in the MSSM. Notice that in the limit of a heavy supersymmetric modulus
Fm%¯ ' F %%¯ δm% and
F %%¯ ' eG/2G%¯%¯K%%¯ ' m% , (10)
which implies Γλ˜λ˜ ' Γgg.
We next consider Higgs and higgsino final states. For simplicity, the Kähler metric of the Higgs
fields is taken to be independent of the modulus. It may otherwise carry a generic hidden sector
dependence,
K = Kˆ(%, %¯, ϕm, ϕ¯m) + Zˆ(ϕm, ϕ¯m) (h¯uhu + h¯dhd) + [Z(ϕm, ϕ¯m)hdhu + h.c.] . (11)
The modulus decay rates into Higgs bosons and higgsinos (summed over all up- and down-type
states) are then determined as4
ΓHH =
∣∣(∂% + ∂%¯)m2H ∣∣2 + |(∂% + ∂%¯)Bµ|2
8pim%K%%¯
, (12)
Γh˜h˜ =
m% |(∂% + ∂%¯)µ|2
8piK%%¯
, (13)
where we again neglected any final state phase space suppression. The mass parameters in the
above expressions are defined as [14]
µ =
1
Zˆ
(
m3/2 Z − F m¯∂m¯Z
)
, (14)
m2H = |µ|2 +m23/2 − F m¯Fn∂m¯∂n log Zˆ , (15)
Bµ =
1
Zˆ
[
2m23/2 Z −m3/2F m¯∂m¯Z +m3/2Fm
(
∂mZ − 2Z ∂m log Zˆ
)
−F m¯Fn
(
∂m¯∂nZ − 2∂m¯Z ∂n log Zˆ
)]
. (16)
2We neglected anomaly-mediated contributions which hardly affect the modulus decay rate into gauginos.
3We assume a linear dependence of f on the hidden sector fields such that higher derivatives of the gauge kinetic
function do not contribute.
4We assume absence of any direct modulus-Higgs couplings in the superpotential.
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The decay rate of the modulus to sfermions can be determined from (12) by setting Z to zero and
replacing Zˆ with the sfermion Kähler metric. Furthermore, if kinematically accessible, the modulus
decay to gravitinos Ψ˜ occurs with the rate [16]
ΓΨ˜Ψ˜ =
m5%
288pim23/2
|G%|2
K%%¯
. (17)
In some modulus stabilization schemes, the imaginary part a = Im % is a (nearly) massless axion.
If such an axion exists, it can get pair-produced by modulus decay. The corresponding rate derives
from the axion kinetic term and reads [17]
Γaa =
1
64pi
K2%%¯%m
3
%
K3%%¯
. (18)
Let us now turn to some concrete ultraviolet theories for which we can derive the modulus
decay rate explicitly. As a first example we consider KKLT modulus stabilization in type IIb string
theory [18].5 The original setup assumes that all complex structure moduli of a compact Calabi
Yau manifold and the dilaton are stabilized by fluxes [21]. The low energy effective theory contains
a single lightest Kähler modulus which parameterizes the volume of the compact manifold. Its
Kähler potential takes the familiar no-scale form
K = −3 log(T + T¯ ) . (19)
The T modulus itself is stabilized by non-perturbative effects which stem from Euclidean D3 in-
stantons or from gaugino condensation on a stack of D7 branes. A de Sitter vacuum with a small
cosmological constant is obtained via uplifting with the F -term of a matter field X [22]. While
the scalar component of X could also play the role of the lightest modulus, we focus on the case
where it decouples from the low energy theory.6 Assuming that MSSM gauge fields are living on
D7 branes, the gauge kinetic function is given by f = T . While X is the dominant source of
supersymmetry breaking, the Kähler modulus obtains a suppressed but non-vanishing F -term [27]
F T ' 3N
8pi2
m3/2 . (20)
The stabilization scheme also fixes the mass of T which is dominated by the supersymmetric
contribution. One finds7
mT '
4pim3/2
αGUTN
' (1− 8)× 103 TeV , (21)
with the unified gauge coupling strength αGUT ' 0.04. The number N stands for the rank of the
hidden sector SU(N) gauge group. In the last step, we employed N = 4−8 andm3/2 = 20−100TeV
as motivated in [27].
The decay rate of the Kähler modulus to gauge bosons and gauginos is given by
Γgg ' Γλ˜λ˜ '
Ngm
3
T
96piM2P
. (22)
5For moduli decay rates in the Large Volume Scenario see [19,20].
6The scalar component of X can be decoupled through Yukawa interactions with heavy fields [23,24] or by making
X a nilpotent field (see e.g. [25, 25,26]).
7This relation can be derived from (10) by setting WTT = (−8pi2/N)WT and WT ' KTW (at leading order).
5
In addition, the T -dependence of the function Z, may induce a large decay rate to Higgs bosons
and Higgsinos,
ΓHH ' Γh˜h˜ '
m3T |∂TZ|2
8piKT T¯ Zˆ
2
, (23)
where we neglected contributions suppressed by powers of m3/2/mT . We consider the dependence
Z ∝ (T¯ + T )−n with n = 0, 1/2, 1 obtained for matter localized on D3 or D7 branes [28]. The
decay rate to (s)fermions is chirality-suppressed [29] and can, therefore, be neglected. Finally, the
decay to gravitinos is kinematically accessible. From (20), (21) and (17), we derive
ΓΨ˜Ψ˜ =
3
32pi
m3%
M2P
. (24)
The gravitinos are themselves long-lived and become non-relativistic before their decay. Since the
energy density of non-relativistic matter redshifts slower than the temperature of the thermal bath,
gravitinos induce more entropy compared to if they had promptly decayed. We find, however, that
gravitinos never dominate the energy content of the universe such that we can neglect the additional
entropy release.8
For our second UV example, we turn to orbifold compactifications of the heterotic string. We
assume that all geometric moduli are fixed supersymmetrically and can be integrated out. This can
potentially be achieved by the interplay between the Fayet–Iliopoulos D-term and non-perturbative
physics. The low energy-theory then contains the dilaton as the cosmologically relevant light
modulus. Its Kähler potential reads
K = − log(S¯ + S) , (25)
while the gauge kinetic function is given as f = S. The dilaton can be stabilized by a KKLT-type
mechanism which again invokes a hidden sector gaugino condensate [30]. The mass mS fulfills the
same relation (21) as the Kähler modulus in the type II case. However, for the heterotic string, the
hidden sector SU(N) gauge group has to be a subgroup of E8. We will fix N = 4, 5 which is found
in the majority of phenomenologically viable orbifold models [31]. Setting m3/2 ' 30− 80 TeV as
required to reproduce the observed Higgs mass [32, 33], we can estimate
mS ' (2− 6)× 103 TeV . (26)
The dilaton decay is dominated by gaugino and gauge boson final states, with
Γgg ' Γλ˜λ˜ '
Ngm
3
S
32piM2P
. (27)
Notice a factor of 3 difference compared to the type IIb case which follows from the difference of
Kähler potentials. Since S does not occur in the Kähler potential of the visible sector fields9 and
since mS  m3/2, we can neglect dilaton decays to the chiral superfields of the MSSM. However,
we have to consider the decay to gravitinos which occurs at the rate
ΓΨ˜Ψ˜ =
1
32pi
m3%
M2P
. (28)
8Between the modulus and gravitino decays, the gravitino energy density increases by a factor 1−3 relative to the
energy of the thermal bath. Since, however, only a fraction of the moduli decays into gravitinos, this enhancement
does not lead to a gravitino-dominated universe.
9For the heterotic string, the Kähler metrics of the visible sector field are typically functions of the Kähler moduli
and not of the dilaton.
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The dilaton couples to gravitinos and gauge degrees of freedom with equal strength. Similar as in
the previous example, we can neglect the entropy release from gravitino decays.
Our third UV example is M-theory compactified on a G2 manifold. The size and the shape of
the manifold is controlled by moduli Ti. The following ansatz for the Kähler potential has been
suggested10 [34, 35]
K = − log
[∏
i
(T¯i + Ti)
ai
]
,
∑
i
ai = 7 . (29)
The volume of the manifold is given by V = ∏
i
( ReTi)ai/3. It has been shown that all moduli
can be stabilized by 2 or more gaugino condensates [36]. Hidden sector quarks charged under the
confining gauge groups form meson fields φi which occur in the low energy theory. A simplified
two-field description, which captures some of the main features, contains the modulus T and the
meson field φ (see [37]). The Kähler potential reads
K = −7 log(T¯ + T ) + φ¯φ , (30)
and the gauge kinetic function f = T . Supersymmetry is dominantly broken by the meson. The
cosmologically relevant light modulus field is |φ| with mφ ' 2m3/2.11 In order, to reproduce the
observed mass of the light Higgs boson m3/2 ' 30 − 80 TeV is required [39, 40]. While GT is
suppressed in the vacuum, the higher derivative GTT = O(1). The mass of the heavier modulus T
is, hence, enhanced by a factor K T¯ T ∼ α−2GUT compared to the gravitino mass. For viable choices
of the hidden sector gauge groups, one obtains mT ' (100− 500)×m3/2. The meson decay rate is
dominated by contributions containing the derivative
∂φF
T¯ ' eG/2K T¯ TGTφ '
√
m3/2mTK T¯ T . (31)
In the last step, we employed the relation GTφ ∼
√
GTT which follows from eq. 19 in [37]. The
visible sector Kähler potential is expected to scale with the inverse volume V−1 ∝ (T¯ + T )7/3 [41]
(while we assume it to be φ-independent). We will, therefore, estimate ∂TZ ∼ Z/T , ∂T Zˆ ∼ Zˆ/T .
The meson decay rates obtained from (8), (9), (12) and (13) are
Γλ˜λ˜ '
Ngm
2
φmT
448piM2P
, ΓHH '
(
Z2
Zˆ2
+
Z4
Zˆ4
)
m2φmT
28piM2P
, Γh˜h˜ '
Z2
Zˆ2
m2φmT
28piM2P
, (32)
while Γgg and Γf˜ f˜ are smaller. Notice that the meson decay rate is enhanced by a factor mT /mφ
compared to the naive expectation. The size of Z/Zˆ cannot be predicted from the UV theory. As
motivated in [42], we will assume µ < m3/2 which implies Z/Zˆ . 1. In realistic G2 compactifica-
tions, the gauge kinetic function depends on all moduli of the theory [36]. Furthermore, there is
more freedom in the Kähler metric of T (whose role is played by a linear combination of several
moduli in the full theory). The decay rates derived above should, therefore, be considered to be
correct within a factor of a few.12
In the M-theory model, gravitino final states are kinematically inaccessible in the meson decay.
However, there appears a (nearly) massless axion which is dominantly the meson phase. For the
canonical Kähler potential, the decay rate to axions vanishes (cf. (18)). While higher order terms
10We neglect a factor of pi/2 which is irrelevant for our discussion.
11The case with additional light moduli has been discussed in [38].
12In order to be specific, we assume an additional uncertainty by a factor of 3 on the decay rates in (32).
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in the Kähler potential can open the axion channel, this decay mode remains suppressed compared
to gauge and Higgs final states. This is because it does not receive the enhancement factor (31).
We summarize the results of the considered UV theories in table 1. Decay rates are expressed in
terms of the coefficients cii which are defined by Γii = ciim3%/M2P for the modulus % = S , T , φ. We
included the uncertainties stated in the text. The table also contains the expected modulus abun-
dance prior to decay as obtained from (5). Despite major differences in modulus decay patterns,
Y% agrees within one order of magnitude for the three theories considered here. In order to explain
the observed baryon asymmetry of the universe, about 10−3− 10−4 baryons must be generated per
modulus decay.
model m% cgg cλ˜λ˜ cHH ch˜h˜ cΨ˜Ψ˜ Y%
type IIb (1000− 8000) TeV 0.04 0.04 . 0.01 . 0.01 0.03 (2− 5)× 10−7
heterotic (2000− 6000) TeV 0.1 0.1 − − 0.01 (3− 5)× 10−7
M-theory (60− 160) TeV − 0.1− 6 . 20 . 10 − (0.4− 10)× 10−7
Table 1: Modulus mass, decay coefficients and cosmological abundance (prior to decay) in different UV
theories. Subleading decay channels are neglected.
4 Baryogenesis Mechanism
Since the modulus decay occurs out of thermal equilibrium, it automatically fulfills one of the
Sakharov conditions [43] required for successful baryogenesis. In addition, baryon number and CP
violation is required to occur in the decay chain. Since moduli typically have a large (direct or
indirect) branching ratio to gluinos, a natural possibility is to create baryons from intermediate
gluinos. Baryon number is broken in the presence of the R-parity violating operator
WRPV = λ
′′
ijkU
c
iD
c
jD
c
k . (33)
For simplicity, we will consider the case, where only λ′′323 = −λ′′332 is non-vanishing and denote this
coupling by λ in the following. While strong experimental constraints on some combinations of
R-parity violating couplings arise, λ′′323 itself can be large (see e.g. [44]).
The relevant baryon number violating decay is g˜ → t s b (t¯ s¯ b¯). A CP asymmetry arises from the
phase difference between gluino and bino (or wino) mass which is generically present in the MSSM.13
The latter shows up in the interference of the tree and loop diagrams shown in figure 1.14 Previously,
baryogenesis by gaugino decay has been considered for a thermal history of the universe [7–9] (see
also [49]). However, in this case, the gaugino decays at a temperature, at which washout reactions
are typically still active. They tend to erase the previously produced baryon asymmetry. On the
other hand, the wash-out problem completely disappears if baryons are created from modulus decay.
This is because the decay temperature is so low that wash-out processes are extremely suppressed.
The final baryon abundance from modulus decay can then be written in the form
Yb = Yg˜ CP , (34)
13In the presence of flavor violation, phases in the squark mixing matrix or the R-parity violating couplings can
also contribute to the CP asymmetry [7–9].
14Alternative baryogenesis mechanisms employing hadronic R-parity violation have been suggested in [45–48].
These, however, require a superpartner spectrum which is different from the expected spectrum in the UV theories
discussed in this work.
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t˜g˜
b
s
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B˜g˜
b
s
t
Figure 1: Baryon number violating gluino decays. The interference between tree-level and loop diagrams
generates a baryon asymmetry.
where CP denotes the CP asymmetry and Yg˜ the gluino abundance (prior to decay). The latter is
determined by the modulus abundance times the (direct or indirect) branching ratio into gluinos,15
Yg˜ =
4
3
Br(%→ λ˜λ˜)Y% . (35)
For the UV theories discussed in the previous section we obtain
Yg˜ =

(1− 4)× 10−7 (type IIb),
(2− 4)× 10−7 (heterotic),
(0.03− 6)× 10−7 (M-theory).
(36)
The CP asymmetry is determined as
CP =
Γ(λ˜1 → t s b− t¯ s¯ b¯)
Γ(λ˜1 → t s b+ t¯ s¯ b¯) + Γ(λ˜1 → λ˜2 t t¯)
. (37)
Notice that besides the two diagrams of figure 1, the R-parity conserving decay λ˜1 → λ˜2 t t¯ con-
tributes to the total decay rate.
In the MSSM implementation we considered so far, λ˜1 is identified with the gluino and λ˜2
can be the bino or the wino. We will later also discuss baryogenesis through a hidden sector
gaugino. Therefore, we present the decay rates for general λ˜1,2. We assume that squarks are
significantly heavier than gauginos as motivated by the UV models we considered. For simplicity,
we completely decouple all sfermions other than the lightest stop t˜1 which we take to be an arbitrary
linear combination
t˜1 = ct t˜R + st t˜L . (38)
For the sake of a compact notation, we introduced ct = cos θt˜, st = sin θt˜. The simpler case
without left-right mixing has been discussed in [7–10]. We observe, however, that non-trivial θt˜
can significantly affect the baryon asymmetry. In particular, the diagram with a wino in the
loop only contributes in the presence of left-right mixing. This is because the wino couples only
to left-handed states, while the R-parity violation coupling operates on right-handed states. We
also note that significant left-right mixing naturally occurs in the stop sector due to the large top
Yukawa coupling. Neglecting other sfermion states is justified since t˜1 usually comes out as the
lightest squark due to the renormalization group running. Hence, t˜1-mediated processes typically
15We neglect a subdominant contribution from intermediate gravitinos.
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dominate the rates. In any case, the inclusion of further squarks would increase CP violating and
CP conserving decay modes in a similar fashion such that CP is qualitatively not affected. With
the mentioned assumptions we find
Γ(λ˜1 → t s b+ t¯ s¯ b¯) =
Ca λ
2m5
λ˜1
768pi3m4
t˜
(
κ21,L s
2
t c
2
t + κ
2
1,R c
4
t
)
, (39)
Γ(λ˜1 → λ˜2 t t¯) =
Cbm
5
λ˜1
512pi3m4
t˜
[
8
3
mλ˜2
mλ˜1
c2t s
2
t κ1,L κ1,R κ2,L κ2,R f3
(
m2
λ˜2
m2
λ˜1
)
+
(
κ21,R κ
2
2,R c
4
t + κ
2
1,L κ
2
2,L s
4
t +
2
3
c2t s
2
t
(
κ21,L κ
2
2,R + κ
2
1,R κ
2
2,L
))
f2
(
m2
λ˜2
m2
λ˜1
)]
, (40)
Γ(λ˜1 → t s b− t¯ s¯ b¯) =
Cc λ
2m5
λ˜1
768pi3m4
t˜
[
m2
λ˜1
20pim2
t˜
κ1,R κ1,L κ2,R κ2,L c
4
t s
2
t f1
(
m2
λ˜2
m2
λ˜1
)
+
mλ˜1mλ˜2
16pim2
t˜
(
κ21,R κ
2
2,R c
6
t + κ
2
1,L κ
2
2,L c
2
t s
4
t
)
f2
(
m2
λ˜2
m2
λ˜1
)]
sin (2φ12) , (41)
where we introduced
f1(x) = (1− x)5 , f2(x) = 1− 8x+ 8x3 − x4 − 12x2 log x ,
f3(x) = 1 + 9x− 9x2 − x3 + 6(x+ x2) log x , (42)
and abbreviated mt˜1 by mt˜. Notice that a non-vanishing CP asymmetry requires mλ˜1 > mλ˜2
consistent with the Nanopoulos-Weinberg theorem [50]. The coefficients Ca,b,c denote color factors,
while the κ are the left- and right handed gaugino couplings. Finally φ12 = φλ˜2 − φλ˜1 denotes the
phase difference between the decaying gaugino and the gaugino running in the loop. Parameter
values for the MSSM baryogenesis implementation λ˜1 = g˜, λ˜2 = B˜, W˜ are listed in table 2.
λ˜1 λ˜2 Ca Cb Cc κ1,R κ1,L κ2,R κ2,L
g˜ B˜ 1 12 1
√
2 g3 −
√
2 g3
2
√
2
3 g1 −
√
2
6 g1
g˜ W˜ 1 12 1
√
2 g3 −
√
2 g3 − − 1√2g2
B˜′ g˜ 6 4 8 2
√
2
3 ε g1 −
√
2
6 ε g1
√
2 g3 −
√
2 g3
Table 2: Color factors and couplings entering (39), (40) and (41). The first two rows refer to the MSSM
implementation of baryogenesis. In this case, the decay of a gluino with a bino or wino in the loop is
considered. The last row refers to the hidden sector implementation with a hidden bino decaying through
a gluino loop.
In order to assess the CP asymmetry, it is instructive to consider the limit of a purely right-
handed t˜1. In this case, only the bino contributes and we obtain the CP asymmetry
CP =
g21 mg˜mB˜ f2
(
m2
B˜
m2g˜
)
18pim2
t˜
(
1 +
g21
6λ2
f2
(
m2
B˜
m2g˜
))−1
sin (2φ12)
λg1' 1.1 · 10−4
( mg˜
5 TeV
)( mB˜
1 TeV
)(10 TeV
mt˜
)2
f2
(
m2
B˜
m2g˜
)
sin (2φ12) . (43)
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The kinematical factor f2 takes values between 0 and 1. For the benchmark case mB˜/mg˜ = 1/5,
one finds f2 ' 0.7. This suggests CP . 10−4 sin(2φ12) in the case of a purely right-handed stop.
Given that Yg˜ < 10−6 in the UV models we described (cf. (36)), a large enough baryon asymmetry
can, hence, only be generated for large relative gaugino phase. In the described UV models, some
suppression of the gaugino phase is, however, expected [51]. Typically φ12 ' 0 at the UV scale. It
gets generated radiatively or by threshold effects (see e.g. [52]).
Let us now investigate, whether the CP asymmetry gets enhanced in the presence of stop left-
right mixing. In figure 2 we plot the CP asymmetry as a function of θt˜. For non-trivial mixing, the
wino loop contributes. We have assumed that wino and bino have a universal phase which appears
reasonable since renormalization group running mostly affects the gluino phase. Masses are stated
in the figure caption. We observe that left-right mixing can increase the CP asymmetry by a factor
∼ 2. Notice that the wino contribution vanishes in the limit of a purely right- or left-handed state.
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Figure 2: CP asymmetry as a function of the stop mixing angle. We set mt˜ = 10 TeV, mg˜ = 5 TeV,
mW˜ = 1.5 TeV, mB˜ = 1 TeV and λ = 2.
If we choose the optimal θt˜ and vary the masses, we find CP . 3 · 10−4. For the maximal value
of Yg˜ ' 6 · 10−7 motivated by the UV theories, we see that a sufficiently large baryon asymmetry
requires
θ12 & 10◦ . (44)
A value of this size appears still reasonable in the light of some phase suppression (expected
from the UV argument). While strong experimental constraints on gaugino phases arise from
electric dipole moments, these depend on the origin of the phases. Large (even maximal) φ12 is
e.g. observationally acceptable if it originates from the gluino, while all electroweak parameters
are real. This was explicitly verified for the superpartner spectrum we consider with the code
SPheno 4.0.3 [53,54]. Nevertheless, electric dipole moment measurements offer great opportunities
to probe the baryogenesis mechanism within a concrete UV theory, in which the pattern of phases
is predicted.
We conclude that the MSSM baryogenesis implementation could work. It may appear uncom-
fortable that one has to push uncertainties a bit in order to maximize the baryon asymmetry. On
the other hand, moduli stabilization mechanisms beyond those considered in this work could poten-
tially give rise to a slightly higher modulus abundance and simplify the generation of the observed
baryon asymmetry.
Nevertheless, we should ask, whether the baryon asymmetry can be enhanced within a slight
modification of the mechanism. A very natural possibility is to include a hidden sector of particles.
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In the next section, we will entertain the possibility that the baryon asymmetry is generated by
the decay of a hidden sector gaugino rather than the gluino [10].
5 Hidden Sector Implementation
Realistic string/ M-theory compactifications predict a large number of new states beyond the
MSSM (see e.g. [55]). Many of those are uncharged under the Standard Model gauge groups and
only interact with visible matter through suppressed portal couplings. While the existence of such
hidden sector particles is difficult to probe at accelerator experiments, it may significantly affect
cosmology. In particular, when the universe was reheated by modulus decay, visible and hidden
matter should have been produced in similar abundance. This is because the modulus couplings
are gravitational in nature and insensitive to gauge charges. Intriguingly, the decay of the hidden
sector particles may have generated the baryon asymmetry as we describe in the following.
As a minimal realization of a hidden sector, we consider a U(1)′ gauge theory which kinetically
mixes with the hypercharge U(1)Y [56]. We assume that a Higgs mechanism (including two hidden
Higgs superfields as required for anomaly cancellation) operates in the hidden sector. The hidden
sector mass spectrum could resemble that of the electroweak gauge bosons and neutralinos since
gravity mediation naturally induces soft masses of comparable size. We take the hidden bino B′
to be the lightest hidden sector fermion which must decay into MSSM fields through the (small)
portal coupling.
Given that at least one of the MSSM gauginos is lighter than B′, a baryon asymmetry is
generated by the process B˜′ → t s b (t¯ s¯ b¯). The CP asymmetry arises from the phase difference
between the hidden sector bino and one or several MSSM gauginos running in the loop (see figure 3).
The case where only the bino contributes has been studied in [10]. If mB˜′ > mg˜, the baryon
asymmetry is instead typically dominated by the gluino loop. This is the case we will focus on.
B˜′ B˜
t˜
b
s
t
B˜′ B˜
g˜
b
s
t
Figure 3: Baryon number violating hidden sector bino decays. The interference between tree-level and
loop diagrams generates a baryon asymmetry.
The baryon asymmetry can be written in the familiar form
Yb = YB˜′ CP , (45)
where YB˜′ denotes the intermediate hidden bino abundance resulting from modulus decay. The
latter is more model-dependent compared to the gluino abundance discussed in section 4. Depend-
ing on the geometric localization of the hidden sector, the U(1)′ gauge kinetic function may e.g.
carry a different moduli-dependence compared to the visible sector gauge groups. Therefore, we
will limit the discussion to a simple example. The light modulus decays into higgsinos with an
effective coupling up to ch˜h˜ ∼ 10 (see M-theory case in table 1). A similar coupling is expected
for the hidden sector higgsinos which subsequently decay into hidden binos. We estimate that the
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resulting hidden bino abundance from this channel,
YB˜′ = 2Br(%→ h˜′h˜′)Y% , (46)
can be as large as YB˜′ ∼ 10−6. Additional channels, including the direct decay of the modulus into
hidden binos, may further increase YB˜′ , but unlikely by more than an O(1) factor.
The CP asymmetry is again determined by (37). This time λ˜1 is identified with the hidden bino
and λ˜2 with the gluino. The decay rates for the tree and loop processes are those of (39) – (41),
with the coupling and color factors from table 2 (last line). The hidden bino-visible bino mixing
parameter is denoted by ε. In order to estimate the CP asymmetry numerically, we first consider
the limit of a purely right-handed t˜1. For this case, we find
CP =
g23 mg˜mB˜′ f2
(
m2g˜
m2
B˜′
)
6pim2
t˜
(
1 +
g23
2λ2
f2
(
m2g˜
m2
B˜′
))−1
sin (2φ12)
λg3' 1.2 · 10−2
( mB˜′
6 TeV
)( mg˜
3 TeV
)(10 TeV
mt˜
)2
f2
(
m2g˜
m2
B˜′
)
sin (2φ12) , (47)
where f2 ' 0.2 for a mass ratiomg˜/mB˜′ = 1/2. Notice that the CP asymmetry is significantly larger
compared to the visible sector implementation described in section 4. The increase essentially comes
from the larger gauge coupling of the gluino in the loop compared to the electroweak gauginos.
For the case of hidden sector baryogenesis, left-right mixing in the stop sector is of minor interest.
Since the gluino couples equally strong to left- and right-handed fields, the relative strength of the
baryon number violating tree and loop processes in figure 3 is rather insensitive to the stop mixing
angle. The baryon number conserving decay B˜′ → g˜ t t¯, however, gains importance for θt˜ > 0 and
slightly suppresses the CP asymmetry. We can, therefore, concentrate on the case of a right-handed
t˜1.
In figure 4 we scanned the hidden bino abundance required for successful baryogenesis. For
realistic YB˜′ ∼ 10−6, the observed baryon asymmetry is realized with moderate values of the phase
and the R-parity violating coupling (e.g. φ12 ∼ 5◦ and λ ∼ 0.2). The described hidden sector
baryogenesis mechanism, hence, works very naturally in wide regions of the parameter space.
6 Conclusion
String/ M-theory often gives rise to a “light” modulus which alters the cosmological history. Its
late decay at T ' 10− 100 MeV releases large amounts of entropy and washes out any previously
produced matter asymmetry. While this is often considered as (part of) the cosmological moduli
problem, we argued that the decay of the modulus can successfully generate the baryon asymmetry.
In the first step, we explicitly calculated the modulus abundance and decay pattern. This
was done in well-motivated UV theories including flux compactifications of type IIb string theory,
orbifold compactifications of the heterotic string as well as compactifications of M-theory on G2
manifolds. Despite major differences in the underlying UV theories we found a rather universal
prediction of Y% = 10−7− 10−6 for the modulus abundance prior to decay. This implies that about
10−4 − 10−3 baryons must effectively be created per modulus – a value not much smaller than a
loop factor.
Since we generically found a large branching ratio of the modulus into gauginos, we reasoned that
modulus decay through an intermediate gaugino is the prime candidate for realizing baryogenesis.
CP violation naturally occurs via the relative phase in the gaugino mass matrix. The latter shows
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Figure 4: Hidden bino abundance YB˜′ required for successful baryogenesis as a function of the R-parity
violating coupling λ and the relative phase φ12 (in units of degrees) between hidden bino and gluino. The
gaugino and stop masses were fixed to mB˜′ = 6 TeV, mg˜ = 3 TeV and mt˜ = 12 TeV. Values of at least
YB˜′ ∼ 10−6 can be realized in well-motivated UV models.
up in the interference between the tree- and loop-level gaugino decay diagrams. For the required
baryon number breaking we considered the R-parity violating operator W ⊃ tcbcsc.
We then determined the baryon asymmetry including only the fields of the MSSM. In this
case, the dominant contribution arises from the decay of the gluino with a bino (wino) running
in the loop. We investigated the impact of left-right mixing in the stop sector and found that it
can enhance the resulting baryon asymmetry by up to a factor ∼ 2. While the observed matter
abundance can be realized within this scheme, a relatively large phase of φ12 & 10◦ between the
gluino and the bino (wino) is required. We then showed that the baryon asymmetry is significantly
enhanced if the MSSM is extended by a hidden sector bino field which kinematically mixes with
the visible bino. In the hidden sector implementation, successful baryogenesis occurs for moderate
gaugino phase φ12 & 1◦.
Future measurements of electric dipole moments offer exciting prospects to test the implemen-
tation of baryogenesis we describe. We expect this mechanism to at least qualitatively provide
baryogenesis in several corners of compactified string- and M-theory.
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